We identify a process in which we can control the behavior of an atomic medium to switch between transparent and enhanced-absorption at multiple frequencies. The process relies on the quantum interference between multiple dark states, which can be constructive or destructive at different frequencies and can be altered dramatically by changing the phase difference between the two circularly polarized components of a single coherent field. This phase-controlled switching behavior is obtainable without altering the powers or frequency detunings of the beams. We demonstrate the process experimentally by using two coherent fields and atomic rubidium vapor. Such selective switching between multiple frequency channels could also have applications in optical communication and quantum information processing.
I. INTRODUCTION
Coherent fields are routinely used to create coherent superpositions among atomic quantum states. One such superposition, the dark state, has led to several useful features including coherent population trapping (CPT) and electromagnetically induced transparency (EIT) [1] [2] [3] [4] . Once prepared in the dark state, atoms that are otherwise absorbing at a certain frequency do not absorb photons at that frequency anymore; that is, the medium is rendered transparent at the resonant frequency even with large population at the ground state. By increasing the abundance of photons at these resonant frequencies in the atomic medium, this feature has allowed several higherorder nonlinear optical studies including that of multiwave mixing processes [5] [6] [7] . Control of the interference between multiple dark resonances could find applications in optical communication and quantum information processing [8] [9] [10] [11] . Control of EIT via optical phase [12] [13] [14] has recently been used to measure the ground-state relaxation time in rubidium vapor [15] .
Most studies in EIT have used combinations of linearly and/or circularly polarized fields interacting with three or four energy levels in the atomic media [16] [17] [18] [19] [20] . While some studies have extended considerations to the multiZeeman sublevels present in realistic atoms [19] [20] [21] [22] [23] , relatively fewer studies have considered the response of such multilevel systems in the presence of elliptically polarized light fields [24] [25] [26] . In such studies, typically the modulations of the EIT profiles are explained by considering the asymmetry in the numbers of EIT subsystems and strengths corresponding to different beam polarizations. In doing so, all the Zeeman sublevels (up to 36 for cascade-type atomic systems) had to be considered.
In this article, we report our study where we have used all the polarization states for the probe beam. In doing so, we have observed resonances in rubidium atomic vapor that switch from dark (EIT) to bright (electromagnetically * mxiao@uark.edu induced absorption, or EIA [27, 28] ), depending on the phase difference between the two circularly polarized components of the probe beam. This behavior arises as the quantum interference between multiple dark states switches from constructive to destructive, altering the atomic populations in the dark states. An analysis based on the aforementioned asymmetry in EIT subsystems is incapable of explaining such behavior because there exist cases where the beam strengths, and hence the EIT subsystem structures, are identical, but the overall transmission profiles differ drastically. Thus, it is crucial to account for the quantum interference effects induced by the phase in the beams. Furthermore, even though there are 36 participating magnetic sublevels, we can qualitatively discuss the phase-dependent switching behavior simply by considering the inverted-Y configuration which involves only four magnetic sublevels. Our theoretical model treating the quantum interference among the polarization-coupled dark states in such a four-level inverted-Y atomic system agrees with the experimental observations. Such a treatment has also allowed for a more transparent understanding of the system's behavior.
The phase-dependent switching behavior also varies with frequency, which could make the system useful for selective switching between multiple frequency channels. By using appropriate combinations of phases and frequencies, one could create conditions such as AND and OR gates which could find applications in optical communication and quantum information processing. The fact that this phase-controlled switching can be achieved without changing the power of any of the beams could also prove beneficial in studies where it is undesirable to completely shut off a beam in order to switch a medium from dark to bright, as is routinely done in light-storage and -switching experiments [29] [30] [31] .
II. THEORETICAL MODEL
An inverted-Y configuration is shown in Fig. 1 and m F = +1, respectively, of a ground-state hyperfine level.
The states |3 and |4 are the m F = 0 and m F = 0 Zeeman sublevels, respectively, of different excited states and belong to hyperfine levels between which the electric dipole transitions shown in the figure are allowed. A single elliptically polarized probe beam with frequency ω p is used to create electric dipole transitions between |1 and |3 and between |2 and |3 at the same time. The polarization of the probe beam can be controlled by using a quarter-wave plate (QWP). An initial vertically polarized probe beam with intensity I p and electric field amplitude E 0 = I p 2nε 0 c becomes elliptically polarized after passing through the QWP that has been rotated by an angle θ . In the circularly polarized basis, the polarized probe beam can be decomposed into
Here,σ + andσ − are the unit vectors of the right-hand circularly (RHC) and left-hand circularly (LHC) polarized basis, respectively. Besides changing the strengths of the electric field components, we notice that the QWP also introduces a phase difference of ϕ = 2θ between them. Let the dipole moments between |1 and |3 be µ 13 and between |2 and |3 be µ 23 , and µ 13 = µ 23 = µ 0 . Then, the Rabi frequencies become
. Electric dipole transition between the states |3 and |4 is coupled by a linearly polarized coupling beam with frequency ω c and Rabi frequency c = − 
are the transition frequencies between the energy levels |3 and |1 , |3 and |2 , and |4 and |3 , respectively. We also assume that the coupling beam is much stronger than the probe beam, that is, p c . Had our system consisted of only the levels |1 , |3 , and |4 and the beams + and c with c + , then we would have expected to observe the usual EIT behavior associated with a ladder-type system [16] with vanishing absorption at the two-photon resonant condition of p + c = 0. We are now interested in understanding how the beam − that has a controllable phase difference of ϕ = 2θ with respect to + will modify the EIT profile. When θ = 0, we have φ = 0 and E + = E − ; that is, the probe beam is linearly polarized. When θ = π 4 , we have E − = 0; that is, the probe beam is RHC polarized. Here, we expect optical pumping to populate the |2 level, so + and c lead to no EIT phenomenon. When 0 < θ < π 4
, we have 0 < ϕ < π 2
and when
, we have π 2 < ϕ < π. We will specifically look for quantum interference phenomena that might switch from constructive to destructive while crossing ϕ = π 2
. As an example, we will consider the pair of phases ϕ = . We also note that in these two cases, the probe beam's intensity distribution among itsσ + andσ − components are the same (which correspond to QWP rotations of θ = ). The only difference between the two cases is then the phase between the two probe beam components.
The Hamiltonian of the system shown in Fig. 1 can be written as the matrix
Under the resonant conditions of p + c = 0 and p = 0, we identify three dark states, or noncoupled states, that are decoupled from the state |3 :
In Eqs. (2a) and (2b), we have kept terms only to the first order in p c . Quantum mechanically, two paths that result in the same end product will interfere. The total dark state amplitude is then given by
We want to see how the populations of the atoms in the dark states will vary as the three noncoupled states interfere with each other. That is, we would like to find | NC(θ, ϕ)|ψ | 2 , where
is the wave function of the atom in its bare-state basis. From Eqs. (3) and (4), we get
where ρ nm = c * m c n are the elements of the density-matrix operatorρ.
To find the density-matrix elements, we use the equations of motion for ρ nm ; that is,
which yield the following equations: 
In Eq. (7), we have also introduced the decay rates γ ij between the levels |i and |j . Neglecting collisional broadening, we have γ ij = 1 2 ( i + j ), where i is the natural decay rate of the level |i .
In the steady state whenρ nm = 0, we make the assumptions ρ 33 = ρ 44 = 0 under the weak probe field approximation [16] , which means ρ 11 + ρ 22 = 1. This assumption is valid since in the limit c p most of the atoms are populated in the ground-state levels [2] . Furthermore, we use ρ 11 = (cos θ + sin θ) 2 . To justify these population distributions, we can consider two cases. First, when θ = 0, the probe beam is linearly polarized and its intensity is equally distributed among itŝ σ + andσ − components. When the coupling fields are absent, we expect the two ground-state levels to be equally populated; that is, ρ 11 = ρ 22 = 1 2 . This population distribution would then be maintained when the probe beam is linearly polarized. Second, when the QWP is set to θ = π 4 , the probe beam iŝ σ + polarized. In this case, due to the optical pumping effect, ρ 11 = 0 and ρ 22 = 1. For other values of θ , ρ 11 and ρ 22 depend on the relative intensities of theσ + andσ − components of the probe beam. Taking p c , we then have
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We are now ready to evaluate | NC (θ, ϕ) |ψ | 2 , that is, the populations of the atoms in the dark states. As mentioned earlier, two special phases, ϕ = , will be considered. Figure 2 shows the dark-state population (DSP) for these two states of the probe beam polarizations as a function of the probe beam's frequency detuning. The DSP for the case of the linearly polarized probe beam (i.e., ϕ = 0) is also shown in the figure for reference. For all the theoretical figures, we have used the following values for the parameters in Eqs. (5) and (8) Since the dark states do not absorb the incident fields, the DSP profiles shown in Fig. 2 resemble the intensity profiles of the transmitted probe beam for the corresponding phases. In the figure, negative values of DSP signify a transition of a dark (EIT) state to an enhanced absorbing (EIA) state. We see that near p = 0, the regular EIT peak corresponding to the linearly polarized probe beam gets modulated as the phase is altered to
. For the first phase, the overall DSP profile decreases. For the latter phase, the region becomes absorbing on one side of p = 0 and transparent on the other side. We reiterate that in these two cases, the beam powers are identical. Depending on whether the phase is greater than or less than π 2 , the interference between the various noncoupled states involved in the Hamiltonian [Eq. (1)] changes from constructive to destructive. This behavior is characterized by the interference between the coherence terms ρ 41 , ρ 42 , and ρ 21 in Eq. (5) . When this interference is destructive, a dark (EIT) region switches to a bright or enhanced absorbing (EIA) region.
In polarization-sensitive EIT experiments, the sub-Doppler EIT resonances corresponding to the hyperfine levels near the excited state |4 become increasingly resolvable [17] [18] [19] . Due to their proximity to one another, the modulation in one window affects that of the other. In order to describe the overall ). behavior of the atomic system, it is necessary to include the contributions due to each of these closely lying hyperfine levels. In Fig. 3 , we have included contributions due to three resonances arising from such excited-state hyperfine levels. We have also accounted for Doppler-broadening effects typical in such hot atomic systems [16] .
III. EXPERIMENTAL OBSERVATIONS
The switching of multiple transparency windows due to phase-coupled dark states has been experimentally observed in hot 87 Rb atomic vapor. In Fig. 1 , the two ground states |1 and |2 correspond to the degenerate Zeeman sublevels with magnetic quantum numbers m F = −1 and m F = +1, respectively, of the 5s 1/2 , F = 2, hyperfine level. State |3 is the m F = 0 Zeeman sublevel of the 5p 3/2 , F = 3, hyperfine level, while state |4 is the m F = 0 Zeeman sublevel of the 5d 3/2 , F = 2, hyperfine level.
The experimental setup is shown in Fig. 4 . A horizontally polarized coupling beam with wavelength λ c = 776 nm and power 40 mW is directed into a rubidium atomic vapor cell maintained at a temperature of 60
• C. The vapor cell is wrapped in a µ-metal shield to reduce the effect of magnetic fields due to Earth and the surrounding electronic equipment in order to minimize the shifts of the Zeeman sublevels within each hyperfine level. There is a region inside the atomic vapor cell where a probe beam, which is scanned around the wavelength of λ p = 780 nm and has a power of 7 mW, overlaps with the counterpropagating coupling beam at a small angle. Before entering the vapor cell, the probe beam passes through a half-wave plate (HWP) followed by a QWP. The HWP makes the probe beam vertically polarized. The QWP is rotated by an angle θ to control the polarization of the incoming vertically polarized probe beam. After passing through the QWP, components of the probe beam in theσ + andσ − basis become
respectively. The transmitted probe beam is measured by detector D1. The transmitted profile of the probe beam includes the usual Doppler-broadened D2 absorption lines for 87 Rb, corresponding to the lower transitions in Fig. 1 . Due to the strong counterpropagating coupling beam which drives the upper transition in Fig. 1 , we observe three sub-Doppler EIT regions within the broad absorption dip. These three EIT regions correspond to the F = 3, 2, and 1 hyperfine levels of the 5d 3/2 level [17, 18] . As the QWP was rotated by an angle θ introducing a phase of ϕ = 2θ between theσ + and σ − components of the probe beam, we observed that the EIT regions display varying behaviors. These variations are shown in Fig. 5 . , appear to be reflections about the absorption profile in that region when c = 0. [The profiles (a) and (g) are the same because in both cases the probe beam is linearly polarized.] In the theoretical model, we expect a vanishing EIT behavior for aσ + probe beam. The profile shown in Fig. 5(d) shows some EIT behavior because when we consider all the Zeeman sublevels in the relevant 87 Rb hyperfine levels, there exists a transition that couples the optically pumped ground-state Zeeman sublevel (m F = +2) due to theσ + probe beam to the excited states (via F = 3, m F = +3). The inverted-Y-type system shown in Fig. 1 is not intended to treat cascade-type branches that involve the magnetic sublevels m F = ±3 of the 5p 3/2 level. These branches are the only ones that are active in the cases of circularly polarized probe beams, and the phase-induced interference phenomena that we are treating are absent in this case.
Transmitted probe beam intensity
While numerous hyperfine levels and Zeeman sublevels are involved in the actual experiment, we have qualitatively identified the cause of the dark-to-bright switching to be the interference between the noncoupled states in a four-level inverted-Y system. Our theoretical results for the dark-state populations shown in Fig. 3 are in close agreement with the corresponding experimental observations for the probe beam transmission, that is, the profiles illustrated in Figs. 5(c) and 5(e). Several inverted-Y subsystems exist in the actual atom-field Hamiltonian because the fields create electric dipole transitions from m F = −2, −1, 0, 1, and 2 of 5s 1/2 , F = 2, to 5p 3/2 , F = 1, 2, and 3 and 5d 3/2 , F = 0, 1, 2, and 3. Figure 1 shows only one of those subsystems, and its treatment seems to be sufficient to understand the qualitative behavior of the multiple dark states in such atomic systems. By applying the preceding model to all the occurring inverted-Y subsystems and adding the results together with appropriate weight factors (due to different Clebsch-Gordan coefficients) to get the total DSP distribution, we could further improve the relative heights of the three resonances.
In Fig. 5 , we see that for a given phase, the atomic medium can be transparent ("on") or enhanced-absorbing ("off") at various frequency bands. As the phase is varied, the behaviors at these bands switch simultaneously. This allows for the possibility of handling switching conditions such as AND and OR that might find applications in optical communication and quantum computation. For instance, by switching between the systems shown in Figs. 5(c) and 5(e), we could implement an AND-type condition for signals at frequencies F1 and F2 or an OR-type condition for signals at frequencies F1 and F3. The fact that all the field strengths and intensities remain identical during the switching process might also be of practical importance.
IV. CONCLUSION
By using only two fields and an atomic medium, we have identified an adiabatic process that allows us to control the transparency of the medium at multiple frequencies simultaneously. We achieved this by altering a single parameter, that is, the phase difference between the two circularly polarized components of one of the fields. We explained the process by treating the quantum interference between multiple dark states, and our model agrees with the experimental observations. This demonstrated multiple dark/bright state switching could find applications in optical communication and quantum information processing.
